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EFFECT OF TEMPERATURE ON THE HATCHING
TIME OF EGGS OF FIVE ECDYONURUS SPP.
(EPHEMEROPTERA) FROM AUSTRIAN STREAMS
AND ENGLISH STREAMS, RIVERS AND LAKES

By U. H. HUMPESCH*

Biologische Station Lunz, Austria and Freshwater Biological Association, Windermere
Laboratory, Ambleside, Cumbria, England

SUMMARY

(1) Eggs of Ecdyonurus picteti from the Herrnalmbach and Seebach (Austria), E.
venosus from Seebach and River Brathay (England), E. dispar from Windermere, Lake
Ennerdale and River Lune (England), E. insignis from the River Eden (England) and
E. torrentis from the River Lune, were fertilized artificially and kept at constant tempera-
tures (range c. 3-5 °C to c. 20-5 °C) in the laboratory. The percentage of eggs that hatched
at each temperature ranged from about 0-4%; to 67-09, and there was no evidence that
temperature was responsible for variations in hatching success.

(2) Hatching time (days after fertilization for 10, 50 and 909 of the eggs to hatch)
decreased with increasing temperature and the relationship between the two variables
within the temperature range 3-5-20-5 °C was well described by a power law, for all
species except E. dispar from the River Lune. Therefore the effects of water temperature
on the hatching time of E. dispar are very different to those on the other Ecdyonurus spp.
There are inter- and sometimes intraspecific differences in the time taken for egg develop-
ment of Ecdyonurus spp.

(3) The length of the period in which eggs were actually hatching was remarkably
short for all species with no evidence for delayed hatching, except for E. dispar from the
River Lune.

(4) A small number of field experiments were also performed in order to test the
adequacy of the estimated values for the hatching time at different temperatures in the
laboratory. There was a good agreement between the estimates and the actual hatching
time in the field. Therefore the regression equations obtained from the laboratory
experiments are probably applicable to eggs in the field, and both the number of days
required for the eggs to hatch and the length of the hatching period can be estimated for
all water temperatures from about 3-5 to about 20-5 °C.

INTRODUCTION

The mayflies, Ecdyonurus dispar (Curt.), E. insignis (Etn.), E. torrentis Kimm. and E.
venosus (Fabr.) are widespread and abundant European species which occur in both
continental Europe and Britain. A fifth species, E. picteti Meyer-Diir, is restricted to the
Alps and Carpathians (Illies 1978), and its larvae are found in cold, stony streams.
* Present address: Institut fiir Limnologie der Osterreichischen Akademie der Wissenschaften,
Berggasse 18/19, A 1090 Wien, Austria.
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318 Hatching in Ecdyonurus spp.

Larvae of the other four species occur on stones in streams and rivers whilst larvae of
E. dispar are also found on the stony shores of large lakes (Macan 1970a; Kimmins 1972;
Illies 1978). The life cycles of Ecdyonurus spp. have been frequently described (e.g.
Rawlinson 1939; Pleskot 1951; Harker 1952; Macan 1957a; Elliott 1967; Landa 1968;
Macan & Maudsley 1968 ; Thibault 1971; Sowa 1975) and some workers have found that
the development pattern and the flight period can be markedly different for the same species
in different biotopes and even in one biotope from year to year, e.g. adults of E. picteti are
found from April to June in the Seebach, a mountain stream in Austria, but they are on
the wing in September and October in a little stream at a higher altitude in the same
mountains (Pleskot 1951). Some other workers have found that the flight periods of the
different species in the same biotope may follow a definite pattern, e.g. adults of E.
iorrentis appear first followed by E. insignis and E. dispar (Landa 1962). From these field
studies, some authors have suggested that these variations in the life cycle or this succession
of species may be due to different patterns of egg development or larval growth, e.g. it is
suggested that the eggs of E. torrentis hatch about one month after oviposition, while those
of E. dispar and E. insignis do not hatch until the following year (Landa 1968; Sowa
1975).

Detailed information on egg development in Ephemeroptera is limited to Baetis spp.
(Bohle 1969; Elliott 1972; Benech 1972), Ephemerella ignita (Poda) (Bohle 1972; Elliott
1978) and Tricorythodes minutus Traver (Newell & Minshall 1978). The aim of the present
study was to study the hatching of Ecdyonurus spp. by rearing eggs from different
populations and different biotopes in streams near Lunz (Austria), and streams, rivers
and lakes near Windermere (England). The experiments were chiefly performed in the
laboratory but a small number of field experiments were also performed to discover if the
laboratory results were applicable to Ecdyonurus spp. in the field.

MATERIALS AND METHODS

Although adult females of Ecdyonurus spp. cannot be identified to species, the mature
larvae of the English species and the sub-imagines of the English and Austrian species
can be identified to this level. Therefore eggs of Ecdyonurus spp. were obtained from adult
females which had been reared from mature larvae by methods which have already been
described in detail by Humpesch (1971, 1979b). Eggs of Ecdyonurus spp. were also
obtained from females that oviposited in the Seebach near Kazim (Austria) and the River
Lune near Kirkby Lonsdale (England). Mature larvae of all species were collected from
stones near the banks. Ecdyonurus picteti was obtained from the Herrnalmbach and
Seebach (Austria), E. venosus from the Seebach and River Brathay (England), E. dispar
from Windermere, Lake Ennerdale and River Lune (England), E. insignis from the River
Eden (England) and E. torrentis from the River Lune (see appendix table). The Austrian
streams are described in detail by Humpesch (1979a, b), the River Brathay is described
by Macan (1957b), the River Lune by Macan (1976), Windermere and Lake Ennerdale
by Macan (1970b).

Laboratory experiments

The eggs were fertilized artificially. As the method has been described in detail by
Einsele (1958) for fertilization of pike eggs, only a brief account is given here. The
abdomen of the female was crushed with two fingers and the expelled egg-mass was then
transferred to a 10 x 1 cm dry, transparent plastic, Petri-dish by a preparation needle or
forceps. Then the tip of the abdomen of the male was crushed, and the sperm was trans-
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ferred to and mixed with the egg-mass with a preparation needle. The whole process of
fertilization took about 2-3 min. After fertilization, the dish was half filled with water,
which was subsequently changed at regular intervals, usually once a week throughout the
whole experimental period. There was no forced aeration in the dishes.

The laboratory experiments were performed in cooled incubators or climate cabinets
under different constant-temperature conditions and photoperiods (using artificial light).
The water temperature was measured irregularly during the day and night over the whole
experimental period in order to ascertain the most accurate mean temperature. In
addition, a maximum and minimum thermometer was placed near the dishes in each
climate room over the whole experimental period and was read under water in order to
ascertain the range of the water temperature. The maximum light intensity at the surface
of the dishes in each climate room was about 90 lux. For experiments in darkness, there
was light only during the brief period of inspection. The eggs from one female were
placed in one climate room, or divided into batches, each of which was placed in a
different climate room. The eggs were counted under a binocular microscope.

Eggs kept at temperatures above 10 °C were examined daily whilst those kept below
10 °C were examined at intervals of 3 days or 4 weeks. When hatching commenced, the
newly-hatched larvae were removed and counted. When hatching had apparently ceased,
the dishes were examined for a further period of about 4 weeks for experiments at
temperatures above 10 °C and up to 12 weeks for those below 10 °C. Eggs hatched in
nearly all laboratory experiments with E. dispar. E. insignis, E. picteti from Seebach, E.
torrentis and E. venosus from River Brathay. For E. venosus from Seebach and E. picteti
from Herrnalmbach, eggs hatched in forty-four of 104 experiments and fifteen of forty-
five experiments respectively. (Details of the month in which the eggs were fertilized, the
water temperature, photoperiod, number of eggs used and percentage that hatched in
each experiment, and the hatching period are given in the Appendix).

Field experiments

For experiments in the field, the fertilized eggs were enclosed inside bags made of nylon
sifting cloth (mesh-size 0-01 mm). The bags were enclosed inside a cage of wire-netting
(mesh-size 0-4 mm) for experiments in the Seebach, and in perforated plastic boxes for
those in Windermere. The bags were washed in Petri-dishes every 2 days for the experi-
ments in the Seebach and every 8 days for the experiments in Windermere. Newly-
hatched larvae were removed and counted. When hatching had apparently ceased, the
bags were regularly examined for at least 2 weeks. The water temperature was measured
continuously with a temperature recorder in the Seebach, and with a thermometer three
times a day (at 09.00, 14.00 and 23.00 hours) in Windermere. Nearly all the field experi-
ments were successful for E. dispar in Windermere, but only one of four experiments with
E. picteti in the Seebach and none of nine experiments with E. venosus in the Seebach
were successful because the nets were washed away in spates.

RESULTS

Laboratory experiments

The number of eggs used at each temperature varied considerably in the range 83-4916
(see Appendix table). The percentage of eggs that hatched at each temperature ranged
from about 0-4%; to 67-09;, and there was no evidence that temperature was responsible
for these variations in hatching success (see Appendix table).
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F1G. 1. Time required for eggs of Ecdyonurus dispar from Windermere to hatch at different

temperatures (7 °C) in the laboratory. Ordinate: number of days after fertilization.

Abscissa (on probability scale): cumulative percentage of number of eggs hatched at each
temperature.

As there was a large variation in the number of eggs hatching at each temperature, the
counts of newly-hatched larvae were expressed as a cumulative percentage of the total
number of eggs (= 100%;) that hatched at each temperature. When these cumulative
percentages were plotted against time (Y days after fertilization), they approximated a
normal probability distribution in each experiment for all Ecdyonurus spp. (e.g. Fig. 1),
except for E. dispar from the River Lune. Therefore the subsequent analyses were suitable
for all species except E. dispar from the River Lune. As there were very few results for
days required for hatching below 109, of the total number of eggs hatched, and the
agreement with the normal distribution was poor above 909 of the total number of eggs
hatched, it was not possible to estimate accurately the hatching time near the start and
finish of the hatching period. Therefore the times at which 10, 50 and 909 of the eggs had
hatched were used in all subsequent analyses (see for example Fig. 1).

The relationship between the time required (Y days after fertilization) for 10, 50 and
909, of the eggs to hatch and water temperature (7 °C) over the temperature range of
about 3-5 to 20-5 °C was found to be curvilinear on an arithmetic scale and linear on a
logarithmic scale for all Ecdyonurus spp. (e.g. Fig. 2(a), (b)), except E. dispar from the
River Lune. Therefore the relationship between hatching time (Y days) and water
temperature (7 °C) is given by the regression equation:

Y=aT™? (1a)
or in logarithmic form
log, Y = log,a — blog, T (1b)
where a and b are constants. All regressions were a good fit to the data and the F-values

from the variance ratio were highly significant (P < 0-001). The proportion (r2) of the
variance of Y due to the regression of Y on T was always >0-97, and therefore at least
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F1G. 2. Relationship between the time required (Y days) for 50%; of the eggs to hatch and

water temperature (T °C) in the laboratory, using pooled data for Ecdyonurus dispar from

Windermere (@) and Lake Ennerdale (x): (a) On log/log scale with linear regression
line. (b) On arithmetic scale with curvilinear regression line.

97% of the variability in the time required for hatching was accounted for by variations
in temperature, which was clearly the major factor affecting the time required for hatching
in the laboratory. Therefore the hatching time was apparently unaffected by variations
in the time of the year when fertilization occurred or by variations in photoperiod (see
Appendix table).

The values of the constants a and b from the regression equations for 10, 50 and 90%;
of eggs hatched differed between species and were often different for different populations
of the same species (Table 1). This was not the case for E. dispar, and values of a and b
for the Windermere population were not significantly different from those obtained for the
Lake Ennerdale population. It was therefore possible to calculate one regression equation
for eggs of E. dispar from both lakes by using the pooled results (see also Fig. 1(a), (b)).
The value of b for eggs of E. picteti from the Seebach was not significantly different from
that obtained for eggs of E. picteti from the Herrnalmbach, but their a-values were
significantly different. Therefore the effect of temperature on rate of change in the hatch-
ing time was similar for both populations, but the rate of development at the same
temperature was different. In E. venosus, the a- and b-values for eggs from the River
Brathay were significantly different from those obtained for the eggs from the Seebach
population. Therefore both the rate of change in hatching time and the development rate
at the same temperature were different in the two populations. The values of @ and/or b
between the five species were always significantly different.

Estimates were made of the actual number of days required for 10, 50 and 909 of the
eggs to hatch at 5, 10, 15 and 20 °C, and the Ecdyonurus spp. were ranked in order of
decreasing hatching time at 5 °C (Table 2). In terms of days, differences between the
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species at one temperature were remarkably high, the difference between the lowest and
the highest value for 109/ eggs hatched was about 8 weeks at 5, about 2 weeks at 10 and
15 and about 1 week at 20 °C. The period between fertilization and 10%{ eggs hatched
varied from about 16 weeks at 5 °C to about 2 weeks at 20 °C. Table 2 also shows that as
temperature decreases, the decrease in the number of days required for 10, 50 and 909 of
the eggs to hatch is not the same for all species, e.g. although E. picteti (Seebach) starts to
hatch earlier than E. dispar (lakes) at 5 °C, the two species start to hatch at the same time
at 20 °C.

The length of the hatching period (Y days) for 10 to 909 of eggs hatched decreased
with increasing temperature and the relationship between the two variables is given by
Eqn (1). The values of the constants a and b are given in Table 3, which shows that the
hatching period for Ecdyonurus spp. is remarkably short, varying from about four weeks
at 5°C to only 1 or 2 days at 20 °C.

The relationship between the time required for 50%; of the eggs to hatch and water
temperature for eggs of E. dispar from the River Lune is given in Fig. 3, which shows that
these results did not agree with the relationship shown by all other Ecdyonurus spp.
Therefore the effects of water temperature on the hatching time of E. dispar (River Lune)
are very different to those on the other Ecdyonurus spp. The time required for 50%; of the
eggs to hatch for E. dispar (River Lune) was longer at 9-0, 14-5, ¢. 17-0 and 20 °C com-
pared with the results for E. dispar from the lakes (Fig. 3). These obvious discrepancies
indicate that further detailed studies are necessary on the egg development of E. dispar
from rivers.
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Fic. 3. Relationship between time required (Y days) for 509, of the eggs to hatch and

water temperature (7 °C) in the laboratory for Ecdyonurus dispar from the R. Lune ((x)

eggs fertilized naturally; (@) eggs fertilized artificially; the curve is for the same relation-
ship for E. dispar from Windermere and Ennerdale (see Fig. 2(b)).
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Field experiments

Eggs were obtained from three females that were probably E. venosus and were
ovipositing in Seebach on 14 August 1972 (17.00-18.30 hours). The eggs were placed in
incubators at c. 10, ¢. 15 and c. 20 °C. Therefore it was possible to compare estimates
derived from the laboratory experiments with artificially fertilized eggs and values
- obtained for eggs fertilized naturally. There was good agreement between the estimated
values for 10 and 50%; of the eggs to hatch from the artificially fertilized eggs and the
actual hatching times for the eggs fertilized naturally, and only a slight disagreement for
909 of eggs to hatch (Table 4). Therefore the estimated values for the hatching time of
eggs fertilized artificially are probably applicable to eggs fertilized naturally.

TABLE 4. The number of days required for 10, 50, 909, of the eggs to hatch in

the laboratory, using (a) eggs from females of E. venosus (?) from Seebach

fertilized naturally in August 1972; (b) eggs of E. venosus from the Seebach

fertilized artificially in the laboratory (latter values were obtained from re-
gression equations in Table 1 and are given as 95% C.L.)

T°C Days for eggs fertilized
(a) naturally (b) artificially
10%; 50%; 90%, 10%; 50%; 90%;
c. 10 52 53 56 50-54 53-57 58-64
c. 15 25 26 27 26-28 27-29 30-33
c. 20 — 15 19 16-18 16-18 19-21

The adequacy of the estimated values for the number of days required for 10, 50 and
909, of eggs to hatch at constant temperatures in the laboratory was also tested for
fluctuating temperatures in both a stream and a lake. Although only one stream experi-
ment with eggs of E. picteti (Seebach) and only six experiments with eggs of E. dispar
(Windermere) were successful, there was good agreement between the results from the
stream or the lake and the laboratory experiments (Table 5). There was only a slight
disagreement in E. dispar (June) for 909, of eggs hatching in the field. Therefore the
regression equations calculated from the results of all experiments with the five Ecdyonurus
spp. are probably applicable to the hatching time in the field, and both the number of
days required for 10, 50 and 909 of eggs to hatch and length of the hatching period
(10-90%; of eggs hatched) can be estimated for all water temperatures from about 3-5 to
about 20-5 °C.

DISCUSSION

In this study, the percentage of eggs that hatched in each experiment was low compared
with that obtained for other mayfly species, e.g. for Baetis rhodani (Pict.) (Bohle 1969;
Elliott 1972; Benech 1972) or for Ephemerella ignita (Bohle 1972; Elliott 1978). These
differences may be due to the technique of artificial fertilization and only a low percentage
of eggs might be fertilized. While the percentage of eggs hatching varied considerably
with temperature in B. rhodani (Bohle 1969; Elliott 1972; Benech 1972) and E. ignita
(Bohle 1972; Elliott 1978), a similar effect of temperature was not observed for the
Ecdyonurus spp.

There are no detailed studies on eggs of different species of the genus Ecdyonurus, but
Percival & Whitehead (1928) noted that it took 15 days for eggs of E. venosus to hatch at
c. 16 and Rawlinson (1939) found for the same species an egg development time of about
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15-21 days in a temperature range of 14-17 °C. These hatching times are comparable
to those obtained in the present study for eggs of E. venosus (River Brathay). A similar
time for egg development was found for E. forcipula (Pict.) by Gros (1923) and Degrange
(1960).

The present study has shown that, apart from eggs of E. dispar from the River Lune,
the relationship between the time required for hatching and water temperature (in the
range of ¢. 3-5 to ¢. 20-5 °C) for the eggs of five Ecdyonurus spp. is well described by a
power law, and temperature has been shown to be the major factor for egg development
in both the laboratory and the field. A similar relationship has been found for the egg
development of B. rhodani (Elliott 1972; Benech 1972), Tricorythodes minutus (Newell
& Minshall 1978) and for the stoneflies Taeniopteryx nebulosa (L.) (Brittain 1977) and
Nemurella picteti Klp. (Brittain 1978), whilst Elliott (1978) has shown that for the
eggs of Ephemerella ignita the relationship between the two variables, hatching time
and water temperature, was well described by a hyperbola, and therefore the time taken
for development could be expressed in units of degree-days above a threshold tempera-
ture.

There are interspecific and sometimes intraspecific differences in the time taken for egg
development of Ecdyonurus spp. A comparison of the regression equations in the present
study and those for other Ephemeroptera species (Elliott 1972, 1978; Benech 1972;
Newell & Minshall 1978) shows that there are significant differences between species and
that the time required for hatching can be described only by individual regression
equations for each species. Bottrell (1975) explains some of the differences in the duration
of the egg development of nine crustacean species from the River Thames by differences
in egg size, the larger eggs taking longer to develop than smaller eggs at a given tempera-
ture, but there is a paucity of detailed work on egg size in different species of Ephemerop-
tera (see Degrange 1960).

There was agreement between the hatching times required for eggs of E. dispar from
different lakes, and a similar agreement was found for eggs of B. rhodani populations
from streams in the English Lake District (Elliott 1972), the Pyrenees (Benech 1972), and
Germany (Bohle 1969). Therefore eggs of these species develop at similar rates in different
localities and the regression equations appear to be valid for different populations.

The relationship between the time required for hatching and water temperature for
eggs obtained throughout the flight period of E. dispar from the River Lune followed a
pattern that differed markedly from that obtained from eggs of the lake populations
(see Fig. 3). The simplest explanation for this difference is that eggs from the river
population of E. dispar have a delayed hatching or a kind of dormancy whilst eggs from
the lake populations do not. Khoo (1968) found that adults of lake and stream popula-
tions of the stonefly Diura bicaudata (L.) laid different types of egg. Adults from the
Afon Hirnant, a stream in Northern Wales, laid only diapause eggs, whereas those from
Lake Bala laid both diapause and non-diapause eggs, with a higher percentage of the
latter. More detailed studies on the embryonic development of E. dispar from rivers are
necessary before the obvious discrepancy in the hatching time between the lake- and the
river populations can be explained. Further differences in the egg development times of the
same species from different localities were found for E. picteti and E. venosus, which
means that the regression equations for these species cannot be assumed to be applicable
to other populations. The differences in the times for 909 of the eggs hatched are only
about 1 week for both species at 15 and 20 °C, but they are much higher for E. picteti at
5 and 10 °C. The hatching times for the populations from the cooler environments, that
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is the Herrnalmbach for E. picteti and the Seebach for E. venosus, were always longer
than those for the populations from the warmer environments. Intraspecific differences
in the time required for hatching have been found in various animal groups, e.g. Daphnia
longispina O. F. Miiller (Munro & White 1975), Salmo salar L. (Peterson, Spinney &
Sreedharan 1977). Some workers have suggested that these differences in the duration
of egg development may be due to differences in egg size within the same species (Munro
& White 1975). The latter relationship could not be analyzed for E. picteti and E. venosus
because there is a lack of adequate data on their egg sizes.

The length of the period in which eggs were actually hatching was remarkably short for
the Ecdyonurus spp. with no evidence for delayed hatching, except E. dispar from the
River Lune. A similar short period and absence of delayed hatching was found for B.
rhodani (Elliott 1972). A prolonged hatching period did occur for E. dispar from the
River Lune and has been recorded for Ephemerella ignita (Bohle 1972; Elliott 1978) and
B. vernus Curtis (Bohle 1969).

Information on hatching time is essential for the recognition and separation of cohorts
of Ephemeroptera species in the field, and cohorts must be separated for accurate
estimations of growth rates, mortality rates and production. The information presented
in the present paper can be used to facilitate this separation. As a result of extensive field
studies, Landa (1968) classified the life cycles of Central European Ephemeroptera into
groups and types according to the number of generations per year. The number of
generations per year was determined by observations on larval development in the field.
He assumed that the eggs of some Ephemeroptera (e.g. E. dispar, E. insignis) passed
through a diapause stage, because newly-hatched larvae or small larvae could not be
found in the samples during the autumn and winter, long after the flight period. A similar
interpretation has been made by several workers. The present study indicates that the
classifications and assumptions of Landa (1968) are only partially correct, there is no
evidence for an obligatory diapause in eggs of E. insignis (River Eden) and E. dispar
(Windermere, Lake Ennerdale). Therefore, newly-hatched larvae or small larvae must be
present in autumn and winter in the different localities. Very little is known about the
occurrence, and biology of the newly-hatched larvae of Ecdyonurus spp. There is some
information on the occurrence of young stages of Ephemeroptera and some workers have
pointed out that most of them live deep in gravel beds (e.g. Macan 1958; Tilzer 1968)
whereas most of the older larvae live nearer the surface. Therefore it may be difficult to
find or catch the smaller larvae. This information is not available for individual species,
because most of the young stages of Ephemeroptera cannot be identified. Therefore
different patterns in the life cycle and succession of Ecdyonurus spp. can be partly
explained by variations in their hatching times at different temperatures and in different
localities, but further studies are necessary on larval growth and the factors affecting
growth rates.

ACKNOWLEDGMENTS

I wish to thank Mrs E. Reiter, Miss C. Schedel, Mrs P. A. Tullett and Mrs M. Wasl for
their assistance in this work, Dr J. M. Elliott for his advice on statistical methods and for
correcting the English text and Dr T. T. Macan, whose knowledge about where to find
the various species near Windermere was placed freely at my disposal. The study was
supported by the Osterreichischen Fonds zur Férderung der wissenschaftlichen Forschung
(Projektnummer 2077) and the Osterreichisches Nationalkomitee Internationale



U. H. HumPESCH 329

Arbeitsgemeinschaft Donauforschung. The work in England was supported jointly by
the Austrian Academy of Science and the Royal Society through a fellowship from the
European Science Exchange Programme, and I wish to thank the director of the FBA,
Mr E. D. Le Cren, for providing excellent facilities at the Windermere Laboratory.

REFERENCES

Benech, V. (1972). Etude expérimentale de I’incubation des ceufs de Baetis rhodani Pictet. Freshwater
Biology, 2, 243-252.

Bohle, H. W. (1969). Untersuchungen iiber die Embryonalentwicklung und embryonale Diapause bei
Baetis vernus Curtis und Baetis rhodani (Pictet) (Baetidae, Ephemeroptera). Zoologische Jahr-
biicher, Anatomie und Ontogenie der Tiere, 86, 493-575.

Bohle, H. W. (1972). Die Temperaturabhéingigkeit der Embryogenese und der embryonalen Diapause
von Ephemerella ignita (Poda) (Insecta, Ephemeroptera). Oecologia (Berlin), 10, 253-268.

Bottrell, H. H. (1975). The relationship between temperature and duration of egg development in some
epiphytic Cladocera and Copepoda from the River Thames, Reading, with a discussion of
temperature functions. Oecologia (Berlin), 18, 63—84.

Brittain, J. E. (1977). The effect of temperature on the egg incubation period of Taeniopteryx nebulosa
(Plecoptera). Oikos, 29, 302-305.

Brittain, J. E. (1978). Semivoltinism in mountain populations in Nemurella pictetii (Plecoptera). Oikos,
30, 1-6.

Degrange, Ch. (1960). Recherches sur la reproduction des Ephéméroptéres. Travaux du Laboratoire
d’hydrobiologie et de pisciculture de I’ Universite de Grenoble, 50/51, 7-193.

Einsele, W. (1958). Biotechnische Hinweise zur Frage der Erbriitung von Hechteiern und zur Frage des
Transportes und Aussetzens von Hechtsetzlingen. Osterreichs Fischerei, 11, 115-119.

Elliott, J. M. (1967). The life histories and drifting of the Plecoptera and Ephemeroptera in a Dartmoor
stream. Journal of Animal Ecology, 36, 343-362.

Elliott, J. M. (1972). Effect of temperature on the time of hatching in Baetis rhodani (Ephemeroptera:
Baetidae). Oecologia (Berlin), 9, 47-51.

Elliott, J. M. (1978). Effect of temperature on the hatching time of eggs of Ephemerelia ignita (Poda)
(Ephemeroptera.: Ephemerelhdae) Freshwater Biology, 8, 51-58.

Gros, A. (1923). Etudes sur les premiers stades des Ephémeéres du Jura frangais. Annales de biologie
lacustre, 12, 49-74.

Harker, J. E. (1952). A study of the life cycles and growth-rates of four species of mayflies. Proceedings
of the Royal Entomological Society of London, (A) 27, 77-8S.

Humpesch, U. (1971). Zur Faktorenanalyse des Schliipfrhythmus der Flugstadien von Baetis alpinus
Pict. (Baetidae, Ephemeroptera). Oecologia (Berlin), 7, 328-341.

Humpesch, U. (1979a). Autokologische Untersuchungen zum Entwicklungszyklus von Baetis alpinus
(Pict.). Proceedings of the Second International Conference on Ephemeroptera, 159-173.

Humpesch, U. H. (1979b). Life cycles and growth rates of Baetis spp. (Ephemeroptera: Baetidae) in
the laboratory and two stony streams in Austria. Freshwater Biology, 9, 467-479.

llies, J. (Ed) (1978). Limnofauna Europaea. Gustav Fischer Verlag, Stuttgart-New York.

Khoo, S. G. (1968). Experimental studies on diapause in stoneflies. II. Eggs of Diura bicaudata (L.).
Proceedings of the Royal Entomological Society of London (A) 43, 49-56.

Kimmins, D. E. (1972). A revised key to the adults of the British species of Ephemeroptera with notes
on their ecology. Freshwater Biological Association, Scientific Publications No. 15.

Landa, V. (1962). Die Entwicklung der mitteleuropdischen Ephemeropteren. International Congress of
Entomology, 11. Vienna, 3, 250-254.

Landa, V. (1968). Developmental cycle of Central European Ephemeroptera and their interrelations.
Acta entomologica bohemoslovaca, 65, 276-284.

Macan, T. T. (1957a). The life history and migrations of the Ephemeroptera in a stony stream. Trans-
actions of the Society for British Entomology, 12, 129-156.

Macan, T. T. (1957b). The Ephemeroptera of a stony stream. Journal of Animal Ecology, 26, 317-342.

Macan, T. T. (1958). Methods of sampling the bottom fauna in stony streams. Communications.
International Association of Theoretical and Applied Limnology, 8, 1-21.

Macan, T. T. (1970a). A key to the nymphs of British species of Ephemeroptera with notes on their
ecology. Freshwater Biological Association, Scientific Publications No. 20.

Macan, T. T. (1970b). Biological Studies of the English Lakes. Longman Group Limited, London.

Macan, T. T. (1976). Relation entre la faune de quelques rivieres du nord ouest de I’Angleterre et les
activites humaines. Bulletin frangais de pisciculture, 260, 153-160.



330 Hatching in Ecdyonurus spp.

Macan, T. T. & Maudsley, R. (1968). The insects of the stony substratum of Windermere. Transactions
of the Society for British Entomology, 18, 1-18.

Munro, I. G. & White, R. W. G. (1975). Comparison of the influence of temperature on the egg develop-
ment and growth of Daphnia longispina O. F. Miiller (Crustacea: Cladocera) from two habitats in
southern England. Oecologia (Berlin), 20, 157-165.

Newell, R. L. & Minshall, G. W. (1978). Effect of temperature on the hatching time of Tricorythodes
minutus (Ephemeroptera: Tricorythidae). Journal of the Kansas Entomological Society, 51,
504-506.

Percival, E. & Whitehead, H. (1928). Observations on the ova and oviposition of certain Ephemeroptera
and Plecoptera. Proceedings of the Leeds Philosophical and Literary Society, 1, 271-288.

Peterson, R. H., Spinney, H. C. E. & Sreedharan, A. (1977). Development of Atlantic salmon (Salmo
salar) eggs and alevins under varied temperature regimes. Journal of the Fisheries Research Board
of Canada, 34, 31-43.

Pleskot, G. (1951). Wassertemperatur und Leben im Bach. Wetter und Leben, 3, 129-143.

Rawlinson, R. (1939). Studies on the life-history and breeding of Ecdyonurus venosus (Ephemeroptera).
Proceedings of the Zoological Society of London, 109, 377-450.

Sowa, R. (1975). Ecology and biogeography of mayflies (Ephemeroptera) of running waters in the
Polish part of the Carpathians. 2. Life cyles. Acta hydrobiologica, 17, 319-353.

Thibault, M. (1971). Le développment des Ephéméropéres d’un ruisseau a truites des Pyrénées-
Atlantiques, le Lissuraga. Annales de Limnologie, 7, 53-120.

Tilzer, M. (1968). Zur Okologie und Besiedlung des hochalpinen hyporheischen Interstitials im
Arlberggebiet (Osterreich). Archiv fiir Hydrobiologie, 65, 253-308.

(Received 25 May 1979)



. (panuptuoo) *3urdojoAsp [[1s 910m $339 SWOS UAYM ‘GLET dunf Ul PIYSIUY 1M SIUQWILIAAXD 9SAY I, 4

I
@ SI-01 8L91-CC6 89-CI €6L—0¢ oLy T1 [-12-761 800 + 6:61 8L6I dunf
aciiaer TSI-Tvl €00 F SvI 8L6I dunf

0€-0C 0I-TI-€9°6 YT Il €TII-8EE TeL
08-09 18-S1-C8v 058 €001-98¢ 88 azri-ct 0:6-6°L 700 + L8  8L6I dunf uspd 4 swusisur g
(4951 90-€T-11¢ €8-1T  TS9I-t6l 069 T1 0-12-9-81 €00 ¥ 10T  8L6I AINf

TI [-61-9:ST 900 + LT LL6I PO

vel-¥C - 91-¢ - Iy
*S¢€ - - 06¢ aci-ict [-9I-€-€I 900 F I'bI  8L6I AIng
9€-09 0L-SI-20C 618 P8¥-8¥C LTe aziiier $91-9C¢k ¥0:0 F 0¥ LL6I 390
xS - - 1901
0rT—06 vI-L-9¢¥ SL-S TTE-SLT 86T

08708 09-Tr—CTCl  9T°It 185061 6v¢

aci-ict I-9T1-€€T 600 ¥ 8-€I 8L6I '8NV

acl-Icl §6-SL 900 + 68 LL6T 'O

azr:Ict T6-LL €00 + L8 8L61 AIng

(GYeD a1u v6I1-TE€l  LI-0 F 09T 8L6I 8nV
GyeD dIu L 1T-8-€0  €€0 + $9T 8L6I duUnf
ada L0Z-§-61 $0-0 F €0C 8L6I AINf

11 S-0T-+6I €00 F T0T 8L6I 3NV

11 L-0T-61 €00 F T0T 8L6I AIng

T1 I'TC¥LT 100 + 861 8L6I dunf

11 S-8I-T-LT 800 + 8LI 8L6ISuUnf

T6C—091 V$-9-6C-¢ (434 y€€-09C L6T aa L9-6T L00 ¥ vv  LL6I PO aung g
6161 — 8L-LT - 91 T1 [-1T-LT  OI'0 + 6:61 8L6I dung
ve—¢l op-Ly—€1-0C  08-t€ LLT-6V1 €91 11 S-81-€-LT 80-0 + 8-LI 8L6I dung
SEVC YO Iv-L€T  Ol¥vE €1T-L6 0sT aziiaer LSI-S¥I L00 ¥ 6V1  8L6I dunf
88-99 €1-6€-6L-81  9T-TE 8108 8II aci:cl S676°L €00 + 88  8L6I dunf (o3eD)
+ 6¢  8L6I _unf d[eplauuy
¥
¥

81-Cl §€-97-80v1  TT-0C §T9-¢9¥ 1445
-1 - 08-6% - Il
81-CI 9L°67-TI-0C V61T SS8-Y6¥ SL9
sl L8-€€-09-€T  VYL'€ET 698-979 LyL
- - €0S

9791 °6'9%

U. H. HUMPESCH

4
14
4
€
I
I
€
I
[4
€
[4
I
[4
€
€
07€—09¢ T9-S€-LS8 2081 9v1-50I I€T 13 11 96T 90-0
— - - €
€
[4
I
[4
[4
I
€
[4
I
[4
[4
[4
€
u

8C—¢€TC 0-LS—6V-L °T-6¢ 9L6—LYE L09 aziiIel  LST-9¥T 800 ¥ O-SI  8L6I ung
S¥-9¢ 89-LI-6T-VI  66°SI (4 w443 LOY aor:Ivl  0-SI-9€I ¥00 ¥ T¥I  LL6T 190
6€£-8C - (A% 4 - €96 acr-Ict I-¥I-€-€1 €00 F L€I 8L6I ‘3nV
$6—09 88-0€—88'¢ 8¢-LI1 (43333 8¢ aci-ict 0:6-6'L 70:0 + L8  8L6I dunf
S0I-09 0C-8-C¢-S 9L9 195-C8¢ Iy aci-Icl §6-C8 700 ¥ L8 LL6T "PO
§ST-061 CI-0T-v¥-0l  8TSI €CE-L6T 0r¢ aa 9:9-9-¢ L00 + €v  LL6I PO (33eD)
02¢—0LT [Ad iR €8-1¢ 899-0¢¢ L6y TI 96T 900 + 6:¢  8L6I dunf QIoUWLISPUIM Avdsip “q
(skep) potrad 9, 98uey I, U a3uey UeIA poldoloyq  28uey ‘'S F UBN  PIzII9) A)1eoo1 saadg
Suryorey $832 payoreH s§89 Jo JoquinN Do L usyMm YIUuoN

*(UoIyBZI[1}19] 191Je SABP) paydiey s332 oy} YoIyMm I9A0 potxad oy} pue ‘(d8ueI Y1m JuswLIadxs 1ad & uedwr) sinjeroduis) Yyoes je payorey eyl sg839 jo
a8eju0o1ad ‘(a8urI yim judwradxe Iod Ioquinu Uedw) dInjerodurd) Yoo je $395 jo dqunu ‘(u) arnjerodwo) Yoes je s)UsWLIadxs Jo Jequunu ‘(pey
o) U1 9[oAd YIep/1ys| [eINjRU = (TU ‘SSAUNIep :3YSI] JO SINOY JO oner = (1 ‘ssoUyIEp SnonUNUod = (I ‘WS snonuiuod = 7T) porrsdojoyd
“D,.L) dInyerodwe) 1orem Suimoys “dds snanuodpasy Ul 3uryorey 10J SUOHIPUOD [eruouIadxa pue (P23od[[0d 219y M }I[e00] PUE $310ads) $339 JO 90IN0S

XIANdddV



Hatching in Ecdyonurus spp.

332

vl
8v-8I
vS-LT
9-9%
05€-00C

0e-T1
6C—V1
yi—€l
[44m]!
€61
LE-IT
8¢-1IC
£€9-9C
sty
[45mli%
65-8¢
eS¢
L9-SS
78-6S
98—CL
°01-SL
8v1-96
CI1-86
YeI—¢cl
9EI-VII
Y0T-8LI
87C—891
67T
(Y4 X4
97-SC
e8¢
6v—6¢
8Y—6¢
¥9-8v
LS—TS
6L-0L
052061
87061
$ST-061

(sAep) porrod
Suryorey

61 1€-69-€1
8¢-7€—8¢-01
6€-0€-L8V1
6:5€-96°1C
8C-TE616
99-vS—11-§C
6€-1-S¢°1

£€C-61-00-C

T8-YC—8LST
SI-vS—IS-€

16:9—-€9-¢1

VL6660
09-S1-68T1

69-61-¥1-8

% 8uey 9 ueoly

(44 X4
LI-¥C
LT-1T
I1-6C
86-CC

68-6¢
69-LT
1201
LeT
£0-0C
08-CI
(Uaql
9¢-11
0s-0
op-¢
0€-0C
0$-9
£8-8C
IL-T1
[4:5%3
IL-LT
S 44
(AN}
LES
§S-01
801
€L-EL
3%
10-ClL
se0
88-CI
SL6
oL
€1
L9-T1
TSI
LOT

$339 poyorey

LSTI-€9C
8091ty
SYII-11S
Y8IT-LEE

ve8-1€9

PSIE-965T

Y7596

9S6v—-CvST

LESY—6081

9€0€—S91

6£57-9¢€01

9SLI-9ITI
9LT-S¢l
STE-TLI

oSuey

9%

866

868

8SL

0SL

SL8T
0€0¢
Lt
90LT
180¢
LT
LS9E
6LSE
0891
7881
ELIE
9TveT
SPeT
L6l
oeey
991
98¢T
9LSE

89v1

§T9C
98LE
90T
143
8SY
9lev
€91
L6yl
8T
CEL
1474
06¢
LYySE

UBON

$339 Jo 1oqUINN

N -—u—'m—u—u—u—'—u-u—q\l—‘-—1v—<N—u—u—~m-—n—<N-—an—tv—'m-'—u—nN—H—tN-—'mmmvv

11
aci:1zr

T1
azr-1cl

11

(19Ary) qTu

avi- 101

11

TI
avl-T101
avi-10t1

T1

TI
avi-1ot

11

TI

TI
avi-1or”

TI

11

avi:T10t
avi:-T101
avl:T10l
avi-101
11
avi-T101
avi-101
11
11
avi-T101
avi-101
avi-101
11
avi-1ol
avi:101
ayr-10r1

porradoloyg

S-81-891
L-ST-0v1
9vI-6-8
S6-6'L
96T
T01-29
0-12-0-0C
§-02-9-61
L-0T-0-61
I-81-C-91
L-LT-€91
S9I-9vI
6-vI-T¥1
€€1-9-TI
9-01-66
€01-86
0 11-¥6
$-0I-0'6
9:6-9°L
9°6V-L
86§
0-'L-09
8L—1T
8-L—-T
0-9-8-¢
0'9-8-¢
8V—¢T
8V—¢6T
L-LT-T-91
V-L1-6-91
6:L1-¥91
9-S1-0-ST
9-€1-6-CI
8-€1-9-C1
L-01-66
§-0I-8-6
I-01--L
8V—6¢€
T$-ST
I-+-9-C
aSuey

60-
S0-

20-

N
a
SSodoo
FHAH A H A H A H A H A H A H A H A H A H HoH A H A

AR

N aANO
(=] [N =N

N
(=4
Sy R R R N RN

oSS
883333

£0-
<0

[=2)
(=]

S

3

mo
mo

0SS S

Ualse)
3338

~
: 2 2 <
SooSSSSS

o en — <t
[~ NN Ne)

¥0
<0
€0
S0-

I
Q@
S

g
UOrN

1751

[ 8L6I AN
I 8L6I AN
I 8L6I AN

8L61 ABN

LL6T KB
‘0T LL6I dunf
T LL6I dunf

I 9Le6l
I LL6l
I LL6l
I LL6l
I 9L6l
I LL6l
Ol LL61
‘0L LL61
‘8 LL6I
v LL6I
‘€ LL6I
€ 9L6l

LL

0s

A

88

6'€  8L6I AN
T8

0

0-0

61 LL6I sung
LT LL6T AeIN
LT LL6T AeN
ST LL6T dunf
‘vl SL6I dunf
€1 LL6T [1dY
Ol SL6I dunf
Ol  SL6T AeW
Ol 9L6I sung
6 LL6I ABIN
8 LL6I dunf
'L LL6T AeIN
9 9L6ldunf
9 LL6I AeIN
'S LL6T dunp
S LL6T AeIN
‘v LL6T ABIN
‘v LL6T KB
€ LL6I AeN
€ LL6I Ae
‘Sny
3dog
3dag
3dag
Sny
3dag
1dag
3dag
1dag
1dag
3dag
‘Sny

F uBdN  pazInId)
usyMm YIUOA

sung "y

(wreas)
yoeqaog

(wreans)
YorqUIBULISH

Anreooy

syuaado}] "

nopd g
saadg



333

U. H. HuMPESCH

0¥l — - — — I 11 — 0-0C 2 TL61 'Sny
°E-ST - - - - I 11 - 0-SI 2 TL61 Sny
96—T§ - - - - I TI - 00l 2 TL61 8y
ST91 0C-L—0vS 0¢9 £07—69 9¢l T avIIol  0-1T-€0T €00 ¥ 90T LL6I 39S
(44u4! - - - - I 11 T17-661  +0-0 F 0T LL6I ‘3nV
I2-S1 P-L1-0¢-6 Se-€l 89¢—¥¢ Ie (4 11 17661 00 F +0T LL6I 30V
6C—¢l 07°SP—0S-0T  §8:LT  $STT-6€81  LVOT T TI L-0T-0-61 TO-0 ¥ 861 LL6I 2unf
ce61 - £6°¢ - 168 I 11 8L1-T9L $00 F €LI 9L61 3V
ce-LT - 90-C - L901 I 11 9-LT-T-9T €0-0 ¥ T-LT 9L6T 1d3S
w8l - L4444 - £vee I avi:10T  08I-$9T 900 ¥ T-LT LL6I dunf
9€—€C 0€-0¢08¥ SS-LIT SYI-v01 sl 7 apliIol  vLI-b9T SO0 ¥ OLT LL6I '3dSS
ve-LT - - - - I 11 9-6I-0:ST 100 F €SI LL6I 1daS
| &5 (4 S0-91-168 8yl ¥Te—c0T £9¢ [4 11 9:G1-0-ST 100 F €SI LL6I "1doS
1€-6C - SI-T — ILSE I 11 9:GI-0-SI  T00 ¥ €SI 9L6I dunf
9e-1¢ - 10-0I - 8LIT I 11 091-8-¥I TO-0 ¥ TSI  9L6I AInf
¥-9T 19-9-89-0 §9-¢ TIEY-9LLT  v¥OE T TI S-9I-L¥T  TO0 + I-'ST  LL6I dunf
1€-9¢ - [4:375 - LI€L I 11 SSI-8vI €00 F I-SI 9L61 '3ddS
0€-7¢C 16:01-9¥-¢ 61-L 0v0I—€€L L88 (4 11 9:6I-6-¥I  S0-0 F I-SI  SL6I AInf
e - LO-L - SEL I 11 9-€I-6TI  TO0 F €€I 9L6I '8NV
[45m Y4 - — - - I ayl-iorl 8-€1-9-C1  €0-0 F TEL LL6I "3ddS
°9-vE - Ie-Cl — S10T I avi:I0l  +v€1-9T1 €00 + O-€El  LL6I dUnf
yL-6v ¥8-91-0C-C 80-I1 618-S6 19¢ €  aviIol L01-8'6 $0-0 F T-0I LL6T "1d3S
0L—6v 148 Sl I 1 [N 9psTIvET  IMPT T 11 L-0I-S-6 T0-0 ¥ I-0I  9L6I AInf
0L—-6v — 0z¥I - 0€sT I avr1ot S-01-0'6 €0-0 + 1-0I LL6I dunf
99-0§ S€9-¢v-0 6¢-¢ 8TTI-9SIT  T6II [4 11 9-0I-¥-6 €0-0 + 86 sL6l AIng
0CI-vL - - - - I 11 [-0I-v-L 10-0 ¥ I8 LL6T 1ddS
0IT-9L 12-€-19°9 6% 8IC-ICI OLT [4 11 [-0I-v-L 100 ¥ I8 LL6T 1d3S
0€1-89 - 8- - [4%:13 I 11 9:6-9:L 100 + I8 LL6I dunf
0610V - SEv - 0€8T I TI [-9-¢-v 100 + T-¢  LL6I *unf
§92¢-00¢ - - - - I ari-10t 0-9-8-1 €00 + S'¥  LL6I dunf
§97-061 S6vI—v0-Cl 0S¢l 60L—80T 601 ¢ avr-iot 8v—6'¢ €00 F v LL6T "1d3S
SIE—SLT - €L - €8 I avi-10l Ts$T 900 F 6€  LL6T 1d3S
0LT-S¥T - 18-%C — 6Tl I avi-iorl 66T $0-0 ¥ 8:€  LL6T '3ddS (weans)
05€-08¢C - 6v-v - S8 I avi-1ofl Ts—$T €00 ¥ 9-¢  LL6l dunf [oeqasg
0C-11 00-09-€S-Sv  LL'TS €0S—0Ty [4%% [4 11 I-12-C61 800 + 6:61 8L6I dunf
L1-Tl So-8y—6v-¥I  LTI€  ISTI-L60T  VTII 4 11 [-12-0-LT  60-0 ¥ S-61  8L6I ABIN
0Z—¢I €9-Ph—E-ST  66:6T 6801008 Sv6 [4 11 S-8T-T-LT OI-0 F 8-LI 8L6I AeIN
[4 5l 4 $9-79-SI-81  I¥0F 66L-679 VIL T aziiIel LSI-S¥I SO0 F 0-ST  8L6I ABIN
v-1¢ 66:99-v6'cy  LVSS €EL-LEY 3219 T AzIIer TSI-Tvl 200 F SvI 8L6I fung
0v—0¢ - 60-1C — 908 I 11 v-€1-T-01 910 F 1T  8L6T AN
0L—¢€S — 95-89 — 1332 I azri-ict S6=6°L 700 F 88  8L6T AeIN
LL-T9 16:TT-61-TC  SS°TT SIS—€8¢ 6vv (AR € (A RI8 1A! 0'6-6-L €0-0 + L8  8L6I 2unf
01€-0I¢T v 9v—98-C 8T-€C  8LII-TVS 89L 14 TI 79-6C 900 F 6:¢  8L6I AeIN Keyyerg g  snsouda g
€01 I6-8T-LE€T  66:0C  08VI-68¢ §S6 14 TI 8-07—T81 600 F S-6I 8L6T AeIN



